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Spatial heterogeneity and scale- dependent habitat selection 
for two sympatric raptors in mixed- grass prairie


























a	GIS.	We	applied	 resource	 selection	 functions	 to	model	 habitat	 selection	 at	 three	
scales	and	analyzed	for	niche	partitioning	using	the	outlying	mean	index.	Habitat	se-
lection	of	the	two	predators	was	mediated	by	spatial	heterogeneity.	The	two	preda-
tors	 demonstrated	 significant	 fine-	scale	 discrimination	 in	 habitat	 selection	 in	
homogeneous	 landscapes,	 but	 were	 more	 sympatric	 in	 heterogeneous	 landscapes.	
Red-	tailed	hawk	used	a	variety	of	cover	types	in	heterogeneous	landscapes	but	spe-
cialized	on	riparian	forest	 in	homogeneous	 landscapes.	Northern	Harrier	specialized	
on	upland	grasslands	 in	homogeneous	 landscapes	but	selected	more	cover	types	 in	










Understanding	 the	 effects	 of	 spatial	 heterogeneity	 on	 interference,	
coexistence,	niche	separation,	and	differential	habitat	selection	among	
species	 is	a	key	concept	 in	community	ecology	(Kalcounis-	Rüppell	&	
Millar,	 2002;	 MacArthur,	 1972).	 Studies	 of	 ecological	 segregation	
or	diet	overlap	among	 sympatric	 species	often	 seek	 to	explain	how	
species	or	populations	might	differ	 in	 their	 use	of	 limited	 resources	
(González-	Solís,	 Oro,	 Jover,	 Ruiz,	 &	 Pedrocchi,	 1997;	 Traba	 et	al.,	
2013).	For	example,	MacArthur	(1958)	found	that	five	closely	related	





The	 ability	 of	 predators	 to	 sight,	 pursue,	 capture,	 and	 consume	
prey	is	often	influenced	by	the	structural	complexity	of	the	landscape	
(Gorini	et	al.,	2012).	Spatial	heterogeneity	can	lead	to	an	increase	or	




predator	 species	 select	 similar	 prey,	 differences	 in	 habitat	 selection	
can	be	sufficient	to	reduce	competition	through	niche	partitioning.




likely	 to	 occur	 at	 finer	 scales	 (Soto	&	Palomares,	 2015;	Traba	 et	al.,	
2013).	 Habitat	 selection	 can	 also	 vary	 temporally	 with	 attendant	
consequences	 for	 competing	 species.	 For	 example,	 seasonally	 low	
resource	availability	during	winter	increases	both	interspecific	and	in-





cies	 of	 diurnal	 raptors,	 with	 annual	 residents,	 breeding	 migrants,	
and	wintering	 migrants	 represented.	 During	winter	when	 energetic	
demands	 are	 high,	 population	 densities	 of	 Red-	tailed	 hawk	 (Buteo 
jamaicensis)	and	Northern	Harrier	 (Circus cyaneus)	 reach	their	annual	
peaks,	 and	broadscale	 sympatry	 in	habitat	 use	 can	presumably	 lead	















Our	 study	 was	 conducted	 within	 two	 wildlife	 management	 areas	
(WMAs)	 managed	 by	 the	 Oklahoma	 Department	 of	 Wildlife	
Conservation	in	western	Oklahoma,	USA.	Packsaddle	WMA	(Fig.	1a)	












Vegetation	 in	 uplands	 is	 predominantly	 sagebrush	 (Artemisia triden-
tate)	and	buffalograss	 (Bouteloua dactyloides)	 interspersed	with	sand	
plum	 (Prunus angustifolia)	 thickets	 and	 gently	 rolling	 sandhills.	 The	
floodplain	portion	of	the	WMA	is	comprised	mostly	of	grasses	mixed	
with	 cottonwood	 (Populus deltoides),	 hackberry	 (Celtis occidentalis),	
and	American	elm	(Ulmus americana).	The	river	bottom	(generally	dry	
riverbed)	 is	woody	vegetation	 consisting	of	 sand	plum	 thickets	 and	
salt	cedar	(Tamarix	spp).
2.2 | Predator surveys
We	 conducted	 November–May	 surveys	 for	 Red-	tailed	 hawk	 and	
Northern	Harrier,	2013–2015.	We	surveyed	30	line	transects	(14	at	
Packsaddle	16	at	Beaver	River)	ranging	2–9	km	in	length.	The	length	
for	 all	 transects	 was	 49.42	km	 for	 Packsaddle	 and	 58.98	km	 for	
Beaver	River.	All	but	two	transects	at	Packsaddle	WMA	were	placed	
along	existing	trails	 (Fuller	&	Mosher,	1987).	We	separated	transect	
by	a	distance	of	<1,000	m	 to	 reduce	 the	chance	of	 counting	an	 in-













through	 the	 Oklahoma	 Department	 of	 Wildlife	 Conservation.	 Two	
Geo-	Eye	 images	were	 acquired	 in	 July	 of	 2014	with	 approximately	
2	m	spatial	resolution	in	the	visible	(panchromatic)	spectrum.	The	land	
cover	maps	 for	2014	were	 considered	adequate	 for	our	vegetation	










To	model	 habitat	 selection,	we	 extracted	 land	 cover	 information	
centered	 at	 each	 use	 (offset	 point)	 location	 of	 Red-	tailed	 hawk	 and	
Northern	 Harrier	 at	 two	 spatial	 scales.	 First,	 we	 plotted	 raptor	 oc-




vegetation	 cover	 type.	At	 a	broader	home	 range	 scale,	we	 collected	
environmental	 variables	 that	 were	 summarized	 into	 three	 groups	
(vegetation,	topographical,	distance-	related	covariates).	To	categorize	
and	quantify	vegetation,	we	plotted	buffers	of	1,000	m	radius	(314	ha)	
around	 occurrence	 points	 to	 represent	 50%–95%	home	 range	 sizes	
estimated	 for	 the	 two	 species	 (Arroyo,	 Leckie,	 Amar,	 Mccluskie,	 &	
Redpath,	2014;	Stout,	Temple,	&	Cary,	2006)	and	extracted	the	pro-
portion	of	each	vegetation	cover	type.	For	distance	to	key	landscape	
features,	we	 calculated	 Euclidean	 distances	 from	used	 and	 available	
(randomly	selected)	locations	to	the	closest	layer	paved	roads,	access	
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were	collected	from	the	United	States	Geological	Survey	(USGS)	data	



























covariate	 distance	 sampling	 approach	 (Buckland,	 Rexstad,	Marques,	
&	Oedekoven,	2015;	Marques,	Thomas,	Fancy,	Buckland,	&	Handel,	
2007).	The	detection	function	model	estimates	detection	probabilities	
with	 increasing	 distances	 from	 transect	 lines.	We	 compared	 a	 suite	
of	 a	 priori	 candidate	models	 including	 half-	normal,	 hazard-	rate,	 and	
uniform	function	keys	with	cosine	adjustment	terms.	We	included	dif-
ferent	covariates	(time	of	the	day,	month	of	survey,	observer	ID,	and	

































according	 to	 their	Akaike’s	 information	 criterion	values	 adjusted	 for	
small	sample	size	(AICc;	Burnham	&	Anderson,	2002)	using	the	MuMIn	




of	 interest	 in	 competing	models	 and	 calculated	 unconditional	 stan-
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3  | RESULTS
We	completed	 a	 total	 survey	effort	 (total	 transect	 length	×	number	




best	 detection	 models	 for	 Red-	tailed	 hawk	 detection	 included	 the	







Generally,	 mean	 detection	 probabilities	 were	 higher	 at	 Beaver	
River	 than	 Packsaddle	 WMA	 (Fig.	 S1)	 and	 higher	 for	 Red-	tailed	
hawk	 than	 for	Northern	Harrier	 (Fig.	S1).	Estimated	density	of	Red-	
tailed	hawk	was	slightly	higher	at	Beaver	River	1.77	±	0.01	(95%	CI:	


























ance	 of	 grass	 cover	were	 the	 only	 significant	 (p	<	.05)	 variables	 for	
Red-	tailed	 hawk	 selection	 at	 Beaver	 River	 (Fig.	2).	 At	 broadscale,	
importance	 variables	 for	 Northern	 Harrier	 selection	 included	 grass	
cover,	 upland	 shrub	 cover,	 and	 areas	with	 sparse	 vegetation	 cover	
(Table	 S3).	 Riparian	 forest	 was	 the	 only	 variable	 within	ΔAICc	<	2	
that	was	avoided.	The	best	approximating	model	for	Red-	tailed	hawk	
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shrub	cover	were	the	most	significant	variables	for	Red-	tailed	hawk	
selection	at	Beaver	River	WMA	(Fig.	2).






riparian	 forest,	 upland	 forest,	 and	 sparse	vegetation	while	oil	 pads,	
bare	ground,	and	grass	cover	were	avoided	(Table	S4).	From	the	47	








At	 broadscale,	we	 evaluated	18	models	 for	Red-	tailed	 hawk	 se-
















ured	covariates	 for	Northern	Harrier,	 and	 three	covariates	 for	Red-	














3.5 | Selection in relation to topographical variables
We	evaluated	27	models	for	each	species	at	each	site	to	understand	the	
effects	of	topographical	variables	on	selection	(Table	S4).	At	Packsaddle	
WMA,	 Northern	 Harrier	 habitat	 selection	 increased	 as	 elevation	 in-
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At	 Beaver	 River	 WMA,	 the	 best	 approximating	 model	 of	 27	
models	 for	Northern	Harrier	 selection	 showed	a	decreasing	 likeli-
hood	 of	 harrier	 selection	with	 increasing	 decree	 of	 slope	 (Fig.	2).	
Two	competing	models	were	considered	as	the	best	approximating	
models	 for	Red-	tailed	hawk	selection	 (Table	S3).	The	 likelihood	of	
Red-	tailed	hawk	selection	increased	with	increasing	degree	of	slope	
and	decreased	with	elevation	 (Fig.	2).	Based	on	conditional	model	
averaging,	 slope	 and	 elevation	 (both	 in	 its	 linear	 and	 quadratic	





The	 Outlying	 Mean	 Index	 analysis	 illustrated	 significant	 (p <	.005)	
segregation	at	Beaver	River	but	not	at	Packsaddle.	At	Beaver	River,	







space	 (Fig.	4).	 Our	 ordination	 diagrams	 for	 Packsaddle	 suggested	 a	
positive	association	of	Red-	tailed	hawk	with	both	sides	of	the	second	
axis	(Fig.	4).	At	Beaver	River	WMA,	the	first	OMI-	axis	was	driven	by	







and	 by	 the	 proportion	 of	 grassland	 (Fig.	5a).	 The	 first	 OMI-	axis	 at	
Packsaddle	was	positively	influenced	by	elevation	and	negatively	by	


















(a) Beaver River WMA
(b) Packsaddle WMA
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4  | DISCUSSION
Red-	tailed	 hawk	 and	Northern	Harrier	 are	 sympatric	 over	much	 of	
their	winter	distribution	in	temperate	North	America	(e.g.,	Arkansas:	
Preston,	1990).	Both	species	hunt	primarily	from	grasslands	and	other	








































(a) Beaver River WMA
(b) Packsaddle WMA
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would	be	expected	to	occupy	grassland	patches	in	open	areas	farther	
away	from	trees.	Fine-	scale	segregation	that	describes	a	tendency	to-
ward	edge	 (Red-	tailed	hawk)	 and	 interior	 (Northern	Harriers)	 of	 the	
same	grassland	patches	could	be	sufficient	to	partition	hunting	areas	
and	permit	sympatry	at	broader	scales.
Our	 results	 confirmed	 segregation	 in	 habitat	 use	 between	 the	
two	raptor	species,	but	the	scale	and	degree	was	associated	with	land	
cover	 heterogeneity.	 For	 land	 cover	 types,	 Shannon	 diversity	 index	
scores	were	 higher	 at	 Packsaddle	 than	 at	 Beaver	 River	WMA	 at	 all	





Compared	 to	 Packsaddle,	 dominant	 land	 cover	 types	 at	 Beaver	
River	WMA	occurred	in	larger	and	more	discrete	patches.	One	result	
of	this	that	could	have	influenced	habitat	selection	was	that	trees	at	
Beaver	River	were	 largely	 confined	 to	 the	 riparian	 zone	while	 grass	
and	 low	shrub	cover	dominated	the	uplands.	This	 is	a	common	pat-
tern	 of	 land	 cover	 structure	 in	 the	 Great	 Plains	 (Liu	 et	al.,	 2013).	
Red-	tailed	hawks	hunting	from	perch	trees	would	thus	be	more	likely	
to	 be	 detected	 in	 proximity	 to	 the	 riparian	 corridor	while	Northern	
Harriers	were	free	to	hunt	the	grasslands	regardless	of	distance	to	the	
























Even	at	 scales	<28	ha,	both	predators	were	more	 likely	 to	hunt	 the	
same	patches	at	Packsaddle	 than	at	Beaver	River	WMA.	These	 two	
predators	provide	a	 case	of	 independent	 corroboration	 for	previous	
work	 (e.g.,	Holt,	1984)	predicting	 that	 in	heterogeneous	 landscapes,	








the	 landscapes.	While	 the	presence	of	an	 intraguild	competitor	may	
result	in	spatial	avoidance	and	resource	segregation	in	homogeneous	
landscapes,	 it	 is	 likely	to	 increase	the	strength	of	apparent	competi-
tion	 in	 more	 heterogeneous	 landscapes	 (Latham,	 Latham,	 Knopff,	


























potentially	 lead	 to	 targeted	 management	 prescriptions	 that	 strike	
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